In this study, a detailed analysis of both previously published and new data was performed to determine whether complete, or almost complete, mtDNA sequences can resolve the long-debated issue of which Asian mtDNAs were founder sequences for the Native American mtDNA pool. Unfortunately, we now know that coding region data and their analysis are not without problems. To obtain and report reasonably correct sequences does not seem to be a trivial task, and to discriminate between Asian and Native American mtDNA ancestries may be more complex than previously believed. It is essential to take into account the effects of mutational hot spots in both the control and coding regions, so that the number of apparent Native American mtDNA founder sequences is not erroneously inflated. As we report here, a careful analysis of all available data indicates that there is very little evidence that more than five founder mtDNA sequences entered Beringia before the Last Glacial Maximum and left their traces in the current Native American mtDNA pool.
Introduction
Within the past three years, the sequencing of the entire human mitochondrial DNA (mtDNA), previously performed almost exclusively in patients to detect disease-associated mtDNA mutations, has become a feasible tool also for population and evolutionary studies. This approach, however, cannot and should not re-Four recent reports potentially impact our understanding of the Native American mtDNA founders. Herrnstadt et al. (2002) sequenced the entire coding region of a large mixed UK/US sample, Silva et al. (2002) sequenced the fragment of the mitochondrial genome that spans nucleotides 7148-15976 of the coding region in a small South American sample, Derbeneva et al. (2002) analyzed complete mtDNA sequences from a specific Native American group, the Aleuts of the Commander Islands, and Mishmar et al. (2003) obtained complete mtDNA sequences from a small representative worldwide sample selected according to haplogroup status. In the first study, the mtDNAs of Native (North) American ancestry were distinguished from a large number of mt-DNAs of diverse continental origins by reference to previously reported -and incomplete -classification criteria that utilized a small number of polymorphisms in the coding region and HVS-I (Herrnstadt et al. 2002) . Unfortunately, this approach is not entirely reliable in terms of geographical assignment. In contrast, the samples of Silva et al. (2002) and Derbeneva et al. (2002) were taken directly, for the most part, from Native American groups, so that the assignment problem was not as acute. The data of Mishmar et al. (2003) include a total of 13 members of haplogroups A, B, C, D and X, each selected from individuals of Asian and Native American ancestries. The sequencing results of Silva et al. (2002) , however, provide no more than an approximate picture of Native American mtDNA variation because of the large number of errors in the reported sequences (as we will discuss below; Yao et al. 2003b) . With the coding region information provided by Herrnstadt et al. (2002) and the complete mtDNA sequences of Mishmar et al. (2003) , we can now derive more complete, and less ambiguous, characteristics of the Native American mtDNA pool.
Material and Methods

DNA Amplification and Sequencing
The polymorphisms in HVS-I, hypervariable segment II (HVS-II), and segments 395-901, 4500-5007, 6010-6710, 10171-10659, 13304-13665, and 14576-16047, as well as at the diagnostic sites 5176 AluI and 4831 HhaI, were determined according to the procedures described elsewhere (Maca-Meyer et al. 2001; .
The complete sequence of the Native American mtDNA belonging to haplogroup X was determined as described by Torroni et al. (2001) .
A total of 30 complete Asian/Native American mtDNAs, including both coding and control regions, from the MitoKor database are discussed in the present report. These sequences were determined as described previously (Herrnstadt et al. 2002) , and they can be obtained from the MitoKor website (www.mitokor.com/science/30asianmtdnas.php).
mtDNA Haplogroup Notation
A database of complete mtDNA sequences of Asian and Native American ancestries has been surveyed and classified by Kivisild et al. (2002;  see Figures 1 and 2 therein). We employ their classification scheme but expand and modify the haplogroup nomenclature, in the case of haplogroups B4 and G, in view of the new data obtained (see below).
Results and Discussion
Distinguishing Asian from Native American mtDNAs
Because Herrnstadt et al. (2002) , when distinguishing Asian from Native American mtDNAs, did not include control region polymorphisms, which can discriminate between alternative mtDNA haplogroups by the presence of specific HVS-I motifs , a small number of mtDNAs were misassigned in their candidate set of Native American mtDNAs. Thus, in their Figure 2 , mtDNA sequences 214 and 169 were assigned to haplogroup E, and hence both should be of Asian descent. Using the classification system of Kivisild et al. (2002) , both of these mtDNAs should now be assigned to the larger Asian haplogroup M9 (214 to E1 and 169 to M9a) because they carry the transition at nucleotide (nt) 4491. Sequence 287, originally misassigned to haplogroup E, belongs instead to the northeast African branch M1 of haplogroup M, which is also found along the Mediterranean coast, especially the subbranch with mutations at nucleotides 16359 and 12346 Table 1 Coding region polymorphisms in Asian haplogroup B4 mtDNAs   Region   2   Haplogroup  Sample   1   375-922  4500-5007  6010-6710  13304-13665  14576-16047   B4a  GD7812  522-523del  CRS  CRS  CRS  14905  B4b1  GD7813  498 499 827  4820  6023 6216 6413  13590  15301 15535  B4b1  GD7814  499 827  4820  6023 6216 6413  13590  15301 15535  B4b1  LN7716  499 827  4820  6023 6413  13590  15236 15535  B4b1  QD8119  499 827  4820  6023 6216 6378 (the latter recognizable as a RsaI site (Quintana-Murci et al. 1999) ). All mtDNA sequences designated as haplogroup B in Figure 2 of Herrnstadt et al. (2002) should now be assigned to haplogroups B4b (those labelled B1 and B2 in Figure 2 of Herrnstadt et al. 2002) and B4c. In order to clarify the relationship of these mtDNAs to those of confirmed Asian origin, we have analyzed a subset of mtDNAs from the set of for four non-contiguous spans of the coding region. The results (Table 1) show that branch B4b1, characterized by the transition at nt 16136 in HVS-I, has a sub-branch that carries mutations at nucleotides 6023 and 6413 in the coding region. Because the three haplogroup B1 sequences 213, 220, and 372 of Herrnstadt et al. (2002) all carry the 16136 transition (as well as a transition at nt 207) that is virtually absent in the Native American HVS-I database, and because these mtDNAs carry the same subset of coding region mutations as does Asian sequence GD7814 in Table 1 , we conclude that these three sequences are likely to be of recent Asian origin.
The single B4c member (sequence 178 of Herrnstadt et al. 2002) , as identified by mutations at nucleotides 1119 and 15346, may also be of Asian origin, but the HVS-I pattern of the Asian B4c variation is not yet well understood because the root HVS-I motif of B4c is indistinguishable from that of B4. From other studies, one sub-branch of B4c can be identified on the basis of HVS-I variation; viz, a transition at nt 16147 that occurs both in Central Asian mtDNAs (Comas et al. 1998; Ingman et al. 2000) and in two individuals of Dai descent from Yunnan Province, China . B4c also occurs in Japan as inferred from a polymorphism at nt 15346 (Fuku et al. 2002; Tanaka et al. 2002) . Future screening of haplogroup B sequences that are directly drawn from Native American populations should allow us to conclude with more certainty whether B4c sequences contributed to the set of Native American founder mtDNAs.
The HVS-I motif 16223-16325-16362 typical of Native American haplogroup D mtDNAs is also found in Asia. The three sequences with this motif that appear in the Korean data of Snäll et al. (2002) , however, tested positively for the RFLP site +4830 HaeII (recognizing a transition at nt 4833) of haplogroup G. We additionally found the 4833 transition (confirmed by +4831 HhaI) in four mtDNAs from China (Table 2) . Because all of these mtDNA sequences that belong to haplogroup G have (near-)matches with sequences sampled in Japan (Horai et al. 1996; Imaizumi et al. 2002; Koyama et al. 2002) , Korea (Pfeiffer et al. 1998; Lee et al. 1997 Lee et al. , 2002 , and China (Tsai et al. 2001; Yao et al. 2000 Yao et al. , 2003a , it appears that these sequences also belong to haplogroup G. The vast majority of these HVS-I and HVS-II sequences share the 150 polymorphism. In particular, eleven HVS-I and HVS-II sequences from the Korean sample of Lee et al. (1997) carry the partial motif 16223-16325; seven of them have the additional part 16362-150 of the motif, Yao et al. (2003a) and the data underlying figure 1 of Mishmar et al. (2003) , respectively; 2 n.d. = not determined.
whereas two sequences lack the transition at nt 16362 and another two at 150. This Korean data set, however, is known to contain errors (Bandelt et al. 2001) . There is also confusion because a more recent study by the same investigators shows a reverse pattern for the 16362 polymorphism, so that out of nine mtDNAs with the partial motif 16223-16325 seven lack the 16362 transition, whereas the other two (P173 and H120) were evidently taken from the earlier study (Lee et al. 1997) . In the mitochondrial cytochrome b gene, these nine Korean mtDNAs are characterized by three transitions that occurred at nucleotides 15323, 15497, and 15860 -notwithstanding three instances of unrecorded mutations at 15323 and 15497. This association between control region motifs and cytochrome b motifs was not disrupted by artificial recombination that affected other sequences from this data set (for example, sequences H81, H98, F531.2). These three mutations in the cytochrome b gene (MT-CYB) are also jointly observed in seven mtDNAs sampled from Japan (Fuku et al. 2002; Tanaka et al. 2002;  note that both studies overlap in 96 Cytb sequences of young obese adults, without cross-reference). Further analysis of the G haplotype (16223-16325-16362) from Inner Mongolia, China, confirms the presence of the three MTCYB mutations ( Table 2) . Two of these mutations (at nt 15323 and 15497), but not the third (15860), also appear in the complete mtDNA sequence designated as 7g of Mishmar et al. (2003) , as well as in two MTCYB sequences reported in Fuku et al. (2002) and Tanaka et al. (2002) , two of which additionally share a transition at nt 14490. The former complete mtDNA sequence carries the transitions at nt 16017 and 16129 previously detected in haplogroup G mtDNAs of Koryaks and Itel'men (Schurr et al. 1999) . We therefore propose to extend the definition of haplogroup G1 so that it embraces the branches G1a (15860-16325-150) and G1b (16017-16129). Then in Japan, there is at least one further branch of G1 in which nt 14490 is mutated. An additional mtDNA with the 16325 mutation belonging to haplogroup M but not to D (16093-16223-16278-16325-16362; sample 8.22 of Kolman et al. 1996) could be a member of haplogroup G1a (or G2 on the basis of a transition at nt 16278). In the absence of any partial RFLPs and HVS-II, it is difficult to decide whether a HVS-I sequence with the motif 16223-16325-16362, and additional mutations (such as one Vietnamese mtDNA from Lum et al. 1998) , is a member of G1a. This motif is, not unexpectedly, found twice more in 150 Japanese HVS-I sequences, but it is absent in 120 Chinese sequences of Nishimaki et al. (1999) , although their data have to be considered with caution in view of some likely errors (Bandelt et al. 2001 ).
The picture is somewhat complicated by the fact that the 16325 polymorphism is also observed, though only very rarely, in other sub-clades of haplogroup M from east Asia. The Japanese sample of Imaizumi et al. (2002) contains two sequences with the following control region markers: 94-194-16093-16176-16223-16325-16362 and 146-16223-16224-16245-16292-16325-16362 . Although both mtDNAs carry the HVS-I motif 16223-16325-16362, a comparison with the data from reveals that both of those sequences must belong to haplogroup D, because they are closely related to representatives of two particular sub-clades of haplogroup D4, as represented by sequences LN7575 and QD8137 and by sequence QD8131. Since these latter sequences lack the 16325 mutation, we conclude that 16325 has mutated in parallel in those two Japanese sequences.
Haplogroup Specific Markers and Motifs in Native American mtDNAs
Native American haplogroup A mtDNAs apparently have two characteristic transitions in the coding region, at nucleotides 8027 and 12007, plus one at nt 16111 in HVS-I (Forster et al. 1996; Schurr et al. 1999) , and as many as three transitions in HVS-II (at nucleotides 64, 146, and 153). This distinction is also confirmed by three further complete mtDNA sequences, two from Asia and one from North America (Mishmar et al. 2003) . It should be noted, however, that the polymorphisms at nt 12007 and those in the HVS-I and -II regions appear prone to recurrent mutational events, thereby complicating their analysis. Sequences 244 and 331 of Herrnstadt et al. (2002) , originally classified as Asian (see their figure 2), both harbour the full array of "Beringian" HVS-I and -II mutations, as well as a coding region mutation that is shared with two other sequences that were labelled Native American. Therefore, those mtDNA sequences should be assigned instead to the Native American mtDNA pool. Asian haplogroup A mtDNA sequences rarely harbour any of the 64, 146, 153, and 16111 mutations, but they typically carry the HVS-II transition at nt 152 (for example, Imaizumi et al. 2002; , except for the A5 sub-branch . This result underscores the necessity of incorporating control region polymorphisms into the assignment process. The combination of several highly variable sites can be highly informative in certain instances, such as in those mtDNAs that carry the control region motif 64-146-153-16111. By searching for this motif, one can rapidly and accurately identify any haplogroup A mtDNA of Native American origin on the basis of HVS-I and HVS-II sequence data. For example, the Catalonian mtDNA set of Crespillo et al. (2000) clearly harbours a haplogroup A2 sequence. Because the back mutations at sites 64, 146, 153, 12007 and 16111 in haplogroup A mtDNAs appear to be essentially random, it is impossible, even using complete mtDNA sequences, to identify unambiguously Native American haplogroup A founders that differ from the haplogroup A2 root by one of these mutations (compare the discussion of Forster et al. 1997 on the occurrence of the 16519 polymorphism in Native American haplogroups).
It is possible that all Native American haplogroup B mtDNAs can be assigned to the B2 branch (characterized as a particular branch of B4b by mutations at nt 3547, 4977, 6473, 9950, and 11177) as defined by Herrnstadt et al. (2002) . The two Native American mtDNA sequences reported by Ingman et al. (2000) and Mishmar et al. (2003) also contain these five characteristic changes. The 16111 polymorphism occurs among very few Native American mtDNAs other than those that belong to haplogroup A2, and thus the criterion employed by Herrnstadt et al. (2002) for accepting only three of the haplogroup B2 mtDNAs as being of Native American origin is invalid. It is likely that all B2 sequences are Native American, although the HVS-I motifs alone are not sufficient to prove this association. For instance, sequence 263 of Herrnstadt et al. (2002) matches a Kazakh mtDNA (Comas et al. 1998) in the HVS-I region. On the other hand, sequence 419 (previously labelled Asian) has a pronounced HVS-I motif (16189-16217-16249-16312-16344 ) that is found in northern Brazil (Alves- Silva et al. 2000) . Nevertheless, through extensive screening one might find B4b mtDNAs in Asia that carry some of the characteristic B2 mutations, because it would be surprising if all five mutations arose during or after the migration to America.
The situation with Native American haplogroup C mtDNAs is also somewhat intricate, because they do not carry any mutations that clearly distinguish them from all of their Asian counterparts. In contrast to most Asian haplogroup C mtDNAs, however, these Native American sequences carry an HVS-I transition at nt 16325 and a deletion of the HVS-II nucleotide pair 290-291, which define a sub-branch of haplogroup C, here designated as C1. In fact, all haplogroup C sequences that were labelled Native American in Figure 2 of Herrnstadt et al. (2002) belong to haplogroup C1, whereas the putative Asian sequences 46 and 467 carry the 16234 and 16288 transitions instead, that were previously observed in Central Asian mtDNAs (Comas et al. 1998) . One of the two coding region mutations (at nt 7694 and 10454) that define this specific Asian sub-clade of haplogroup C has been observed in the Asian haplogroup C sequence designated as5c of Mishmar et al. (2003) . Interestingly, haplogroup C1 occurs in Asia as well, although rather infrequently: one mtDNA sampled in the Daur population from Inner Mongolia (China) belongs to haplogroup C1 (Table 2 ). This HVS-I and -II sequence perfectly matches the Japanese mtDNA jp019 from Imaizumi et al. (2002) and is two mutational steps from jp122 of the same data set. These three HVS-I and -II sequences share the transitions at nucleotides 16356 and 93. In the worldwide HVS-I database, the motif 16223-16298-16325-16327-16356 also occurs in the mtDNA of two Mongolian individuals (Kolman et al. 1996) , one Kirghiz individual (Comas et al. 1998) , and in one Japanese individual (Horai et al. 1996) . A potential Asian C1 HVS-I haplotype, which also includes the nt 16362 mutation but not the 16356 transition, has been detected in the Bashkirs (Bermisheva et al. 2002) . We are thus forced to conclude that there exists an Asian subbranch of C1 (in contrast to the claim of Eshleman et al. 2003 that the "characteristic Native American form of haplogroup C" is absent in Asia). The ancestral HVS-I motif of C1 (i.e. without the 16356 transition) is shared by two mtDNAs from Iceland (Helgason et al. 2000) and by one sequence each from Catalonia (Crespillo et al. 2000) and Tenerife (Rando et al. 1999) , which are likely to be of Native American ancestry, particularly as the latter two data sets each contain an A2 mtDNA.
Another complicating factor is that some Native American haplogroup C mtDNAs share the 15930 transition with some Asian C mtDNAs, so that more than one branch of haplogroup C could be labelled "Native American" if the assignment process is limited solely to coding region polymorphisms. For example, Asian haplogroup C mtDNA LN7710 carries the 15930 mutation, but neither the 16325 transition nor the 290-291 deletion. Because the 15930 transition occurs in combination with both the 16325 transition and the rare 290-291 HVS-II deletion as well as without them, we are led to conclude that the 15930 site has mutated at least twice in haplogroup C. This polymorphism seems prone to recurrence because it has also arisen in a haplogroup B4 mtDNA (sequence WH6892 in table 1), in haplogroups H (at least twice) and U5 (Herrnstadt et al. 2002) , and in haplogroup Lod (Mishmar et al. 2003) .
Native American haplogroup D mtDNAs belong to the major Asian branch D4 of haplogroup D, and they split into branches D1 (found in Native Americans, characterized by transitions at nucleotides 2092 and 16325) and D2 (restricted to Na-Dene, Aleuts, and Eskimo, and characterized by several mutations; Derbeneva et al. 2002) . It should be noted that the single haplogroup D1 sequence D CA reported by Derbeneva et al. (2002) harbours the extremely rare pathogenic mutation at 14459 (associated with both Leber hereditary optic neuropathy and dystonia), and most likely constitutes a correction of the complete mtDNA sequence obtained by Jun et al. (1994) . The Native American mtDNA sequence na2d from Mishmar et al. (2003) is identical to D CA except for the mutation at 13879 (which however is also missing in Fig. 4 of Derbeneva et al. 2002) . This sequence may thus represent just another variant of the Jun et al. (1994) sequence. It is not clear yet whether the 16325 mutation has reverted in some Native American haplogroup D mtDNAs (such as the "Cayapa" haplotype BR53 of Alves- Silva et al. 2000) , or whether we have to reckon with more than one Native American founder from this haplogroup. On the other hand, the HVS-I motif 16223-16325-16362 is found in Asia (mainly in conjunction with the transition at nt 150 in HVS-II), but as we have seen above, most of these mtDNAs belong to haplogroup G1a and a few to other minor sub-clades of haplogroup M. Summarizing these results, there is no evidence at this time for the occurrence of haplogroup D1 mt-DNAs in Asia, in contrast with the situation for haplogroup C1 mtDNAs. In addition to the major east Asian haplogroups A-D, the minor west Eurasian haplogroup X is also observed among Native (North) American mtDNAs (Forster et al. 1996; Scozzari et al. 1997; Brown et al. 1998; Smith et al. 1999) . From the Native American haplogroup X data of Brown et al. (1998) that combine HVS-I and HVS-II with RFLPs, we infer that there are two ma- 1 Mutations are transitions unless specified by suffixes and refer to changes from the African L3 root mtDNA. Length polymorphisms of C tracts (and compensating mutations), as well as the 16519 polymorphism, are disregarded. The haplogroup notation of Kivisild et al. (2002) is used for Asian mtDNAs. Native American haplogroups A2 (Forster et al. 1996) , B2 (Herrnstadt et al. 2002) , D1 and D2 (Forster et al. 1996; Saillard et al. 2000; Derbeneva et al. 2002) were previously defined, while haplogroup C1 is newly defined here. In this notational system, we thus allow the inclusions of A2 in A4, B2 in B4b, and D1, D2 in D4. The distinction of haplogroups A4 and B4 from haplogroups A and B, respectively, is problematic because the sites 16362 and 16217 may be prone to recurrent mutation. Some sites in HVS-II (such as nucleotides 64, 146, 153, 195 ) that belong to the corresponding consensus motif are also mutationally unstable. The Native American clade of haplogroup X is here termed X2a, and its characteristic coding region mutations are inferred from the mtDNA sequence that bears the following mutations, relative to the revised CRS, at nucleotides 73, 143, 153, 195, 200, 263, 309+C, 315+C, 522-523del, 750, 1438, 1719, 2706, 3552, 4732, 4769, 5147, 6221, 6371, 7028, 8860, 8913, 11719, 12397, 12705, 13966, 14470, 14502, 14766, 15326, 16093, 16183del, 16189, 16213, 16223, 16278, 16519. jor branches of the Native American X tree, one given by cluster V and the other represented by clusters III and IV in Fig. 1 of Brown et al. (1998) . Hitherto, only one complete mtDNA sequence from Native American haplogroup X has been available (Mishmar et al. 2003) . Therefore, we have completely sequenced a haplogroup X mtDNA from the Ojibwa that belongs to cluster III of Brown et al. (1998) ; see the footnote to Table 3 . A comparison of this sequence with those haplogroup X mtDNA sequences of European ancestry that were published by Finnilä et al. (2001) and by Herrnstadt et al. (2002) shows that this Native American mtDNA carries all of the mutations that define haplogroup X.
However, it shares three additional coding region mutations (at nt 8913, 12397, and 14502) with the other Native American X (see Table 3 ) that are not found in the haplogroup X mtDNAs of European origin. For these three polymorphisms, extensive surveys of haplogroup X mtDNAs are required to differentiate the polymorphisms that are Old World founder mutations from those that arose in situ in Beringia or North America. With those results, it will then become clear whether the transition at nt 16213 is indeed characteristic of X2a, and whether back mutations have actually occurred at these sites. Furthermore, it remains to be clarified whether the atypical Ojibwa X haplotype NA22 mtDNA (Brown et al. 1998) represents the descendant of a second haplogroup X founder sequence, or whether it has simply back-mutated at HVS-II site 200.
Errors in Coding Region Sequences
Unfortunately, the data reported by Silva et al. (2002) cannot provide an unambiguous portrayal of the Native South American mtDNA pool because the mtDNA sequence variation surveyed within the 8.8 kb fragment (nucleotides 7148-15946) appears to be inaccurately or incompletely reported (see Yao et al. 2003b) . First, as many as 8 of the 23 basal polymorphisms in the mtDNA region sequenced that distinguish haplogroups A, B4b, C, and D4 from each other have been undetected or unreported. In addition, polymorphisms at a further 9 sites (7196A, 8584, 9540, 10398, 10400, 10873, 11914, 15043 , and 15301) do not appear to have been reported correctly. Second, the original CRS (Anderson et al. 1981) or only a partially corrected CRS (compare with the revised CRS; Andrews et al. 1999 ) evidently served as a reference sequence, so that some polymorphisms (viz. 8860, 11335, 11719, and 15326) , which distinguish the CRS from the root of haplogroup R, were misinterpreted. Third, there are also a number of phantom mutations (such as the T to G transversions at nt 11617, 12292, and 12314) as well as some erroneous missense mutations (such as rare deletions of a nucleotide at 8047, 10238, 15802, and 15848) that would likely be lethal for a living cell. Fourth, the polymorphism at nt 8805 displayed in the data matrix (Figure 2 of Silva et al. 2002) is not supported by the original sequences; other polymorphic sites identified by Silva et al. (2002) appear to have been numbered incorrectly: site 15043 is consistently referred to as 15543, and a T at site 11344 in the CRS does not exist and in fact refers to 11335, which represents an error in the original CRS as shown by Andrews et al. (1999) . Fifth, the data matrix omits informative sites (for instance, 13803, 14318, 15535 and 15784), but, on the other hand, lists a number of uninformative sites (7626, 10792, 10793, 10804, 11654, and 11722) . Fortunately, most of these problems now seem to have been resolved with a first revision of this data set (Silva et al. 2003) , although it seems to list the polymorphic sites rather than the (parsimoniously) informative sites as claimed. There remains a suspiciously large number of recurrent mutations at the most basal polymorphisms, e.g. one at 8701, one at 14783, and as many as (at least) five independent mutations at nt 10400 (Yao et al. 2003c) . Only one of the three phantom transversions at nt 11617, 12292, and 12314 that each occurred three times in the original data set have now disappeared completely in the revised data set: one instance of 11617G is still left and so are all three instances of 12292G. The fact that at each of the three sites the nucleotide change from T to G has flanking nucleotides T to the left and G to the right suggests that a fundamental sequencing problem has not yet been resolved completely by Silva et al.
The variability of the eight sites that separate haplogroups M and N (all of which fall into this 8.8kb fragment) can be evaluated using the coding region sequences published by Ingman et al. (2000) , Finnilä et al. (2001) , Maca-Meyer et al. (2001) , Torroni et al. (2001) , Herrnstadt et al. (2002) , Derbeneva et al. (2002) and Mishmar et al. (2003) , and the data clearly show a different pattern of polymorphism at these sites. Thus, we can estimate from this combined dataset that sites 8701, 9540, 10873, 10400 and 14783 have mutated only once, although site 15043 has mutated four times (with parallel mutations in haplogroups A, N1, and T2), and site 15301 has mutated six times (including an early mutation leading to super-haplogroup L2 3, and in haplogroups L1c, B4c, U5, and K1). Site 10398 is known to have undergone many recurrent mutations, but site 15301 may have undergone almost as many (see Table 1 for another parallel mutation at this site within haplogroup B4b1). It is thus not surprising to find site 15043 mutated in haplogroup B4b (Silva et al. 2002 (Silva et al. , 2003 . On the other hand, the fact that the former five sites did not mutate in these over 900 published coding region sequences does of course not preclude the possibility of (single) rare recurrent events. Fuku et al. (2002) , for example, found 8701 mutated in a specific (but as yet unknown) sub-clade of haplogroup M (comprising five mtDNAs) that is associated with a transition at site 15518.
The revised data from South America (Silva et al. 2003) do not point to more, or other, founder mtDNAs than the ones we have described, except that the 11177 mutation is only shared by two out of 10 haplogroup B2 sequences. As only one of these is from the original data set (Silva et al. 2002) , one might suspect a sequencing problem at this site (as with 10400). Because no other haplogroup B sequences were found among Native South American mtDNAs, this finding supports the conjecture that all Native American haplogroup B mtDNAs belong to haplogroup B2 (whether or not site 11177 is among the defining mutations).
While errors in the scoring of basal polymorphisms could cause problems in the phylogenetic analysis of the mtDNA sequences, and eventually in the identification of founder mtDNAs, errors in detecting private mutations would lead to biased estimation times for founder events. Phantom mutations would inflate the age estimates. It turned out that a few of the coding region sequences published by Herrnstadt et al. (2002) were affected by artificial C to G transversions in G-rich regions of the molecule, and by errors arising during database construction (Herrnstadt et al. 2003 ). An extreme instance is the Native American A haplogroup sequence no. 171, which carried C to G transversions at sites 7927, 7985, 14227, and 14385. The revised sequences are made available on the website of MitoKor (www.mitokor.com/science/560mtdnasrevision.php).
Conclusions
With the larger and larger mtDNA sequence sets that are being analyzed, it is inevitable that the number of errors will also increase and that these errors will confound analyses. To make future sequencing efforts more accurate, it is strongly recommended that quality assurance tests, such as independent sequencing of the same mtDNA, are performed (for example, Herrnstadt et al. 2002) . It is also important to compare newly obtained sequences with "benchmark" data, especially at those polymorphic sites that are mutated in interior branches of the phylogeny and that are not highly variable . If errors are detected at such sites, then one also has to consider overlooked or misrecorded private mutations in the periphery of the mtDNA phylogeny. We would expect some oversights in the 30 complete sequences obtained by Maca-Meyer et al. (2001) through manual sequencing. Indeed, the sequences from haplogroups C, X, and one from H (referred to as H 2 by Maca-Meyer et al. 2001 ) each lack one of the defining mutations (viz. 15487T, 13966, and 2706, respectively) .
It is axiomatic that erroneous sequence data cannot provide a reliable estimate for the time of the first human settlement of America (or Beringia), even when the errors did not affect the recognition of founder mtDNAs. Leaving aside problems inherent in the calibration of the mtDNA substitution rate (for example, Torroni et al. 2001) , methodological shortcomings may further exacerbate the estimation of the ages of mtDNA founder clades. There is a long tradition in using nucleotide diversity π ("sequence divergence") for estimating "divergence" times (e.g., Table 4 of Chen et al. 2000) ; unfortunately, Silva et al. (2002 Silva et al. ( , 2003 have followed this tradition. This sort of estimation, however, depends heavily on the unknown and presumably complex demographic history of the population groups and is bound to deliver biased haplogroup ages (see e.g. Forster et al. 1996) .
Founder analysis should ideally be performed on complete mtDNA sequences and not just on coding region sequences. Indeed, in the case of the analyses of haplogroup C mtDNAs, one would have made a case for at least two distinct mtDNA founders if the control region sequence data were disregarded. On the other hand, it is clear that HVS-I data alone cannot provide sufficient evidence for founder status in view of a number of highly mutable sites, as emphasized by Malhi et al. (2002) , although their suggestion that the entire region of HVS-I might be hypervariable has not been substantiated in our studies. With the complete mtDNA sequence information currently at hand, we fail to see solid evidence for more than four founder mtDNAs entering Beringia before the LGM (one each from A, B, C, and D), with the additional possibility of one from haplogroup X (Brown et al. 1998 ). This conjecture is unspectacular in view of its agreement with the very first results from RFLP studies (Torroni et al. 1993) . One can speculate whether there might be another minor founder that differs from a major founder at a mutational hot spot, such as nt 16111 (as assumed by Forster et al. 1996) . However, the fact remains that, as long as one can demonstrate with a complete mtDNA phylogeny that several back mutations in the respective haplogroup must have occurred at a particular site, there is insufficient evidence for founder status.
There is yet another caveat: we should not simplify the "migration" to the Americas as a single arrow drawn on a geographical map with an age attached. The process could well have been a staggered one, reaching Beringia and eventually America (perhaps more than once) before the Last Glacial Maximum (LGM). A question of equal interest is when and where the ancestral populations on the move to Beringia gradually separated from the interior Siberian and coastal east Asian peoples. Certainly, "it seems unreasonable to identify any extant group in the Old World, itself a product of many millennia of history, as the single parent population" (Eshleman et al. 2003) . It is noteworthy that Native American haplogroup A and D mtDNAs coalesce with their Asian counterparts just at the respective root types of haplogroups A4 and D4. In the case of haplogroup B4b sequences, we currently lack sufficient information from the Asian mtDNA pool to draw an unambiguous conclusion. These results suggest a massive population increase and spread in east Asia, not long after the emergence of the A4 and D4 haplogroups, in the course of which the mitochondrial genetic roots of the later Beringians were shaped. This early period could have been during some of the short-lived climatic ameliorations, between 35,000 and 26,000 years ago (as inferred from the climatic data derived from Greenland ice cores; Daansgaard et al. 1993) , which may have triggered the settlement of new areas in interior parts of east Asia and along the NE coast. In fact, the period ∼ 32,000-26,000 years ago, which for Siberia is referred to as the warm "Lipovka-Novoselovo phase of the Karginsky mega-interstadial" (Vasil'ev, 2000) , testifies to a rich archaeological record in the river valleys of southern Siberia. Contemporary to this assemblage, Upper Paleolithic adaptations are also manifest in sites of China (Gao & Norton, 2002) . The controversial interpretations of the Y chromosomal record for the origins of Native Americans (Lell et al. 2002; Tarazona-Santos & Santos, 2002) possibly reflect the mosaic origin of the Upper Paleolithic population groups on the fringes of eastern Asia, rather than two or more independent migrations into North America. The ages of mtDNA haplogroups A, C, and D4 are estimated to be >30,000 years. Because we observe 2, 0, and 1 characteristic coding region mutations for haplogroups A2, C1, and D1, respectively, the transition period of gradual separation took only a few thousand years, so that the Beringian mtDNA diversification probably took place during the Lipovka-Novoselovo phase. The drop in temperature after the end of this phase could have enforced the eventual southeastward movements of some Beringian groups, which could have proceeded along the coast (Dalton, 2003) . The approximate timing of the southward spread into the Americas will only become apparent through complete sequencing of numerous Native American mtDNAs from North, Central and South America. Subsequent to this initial migration process, further mtDNA sequences (from haplogroup D, which subsequently gave rise to haplogroup D2) were introduced to Northwest America from an evolved and modified Beringian mtDNA pool after the LGM, possibly as late as the beginning of the Holocene (Saillard et al. 2000; Derbeneva et al. 2002) .
A number of important questions about the diversification and spread of Asian and Native American peoples still lack definitive answers. However, the increasing numbers of complete mtDNA sequences and their analysis are bringing the picture into sharper focus (see also ). 
